We investigated the effect of snacking habits in childhood on changes in body mass index (BMI) and high BMI in adolescence and adulthood. In total, 2141 Japanese children from the Ibaraki Children's Cohort Study were evaluated at age 6 years (baseline), then at ages 12 and 22 years. We examined associations between snacking (scheduled times, when children wanted, and freely) at age 6 years and changes in BMI over time and the proportion of high BMI at ages 12 and 22 years, using time-dependent mixed-effects and logistic regression models. Compared with children who snacked at scheduled times, those provided snacks when they wanted experienced larger increases in BMI over time between ages 6 and 22 years (multivariable time-dependent effect: 0.03 kg/m 2 for boys, p = 0.047; 0.04 kg/m 2 for girls, p = 0.019). No differences were observed in children who snacked freely. A higher proportion of high BMI was found in boys who were provided snacks when they wanted compared with those who snacked at scheduled times. The multivariable odds ratio (95% confidence interval) was 1.52 (1.04-2.23) at age 12 years and 2.23 (1.12-4.45) at age 22 years. No differences were observed for girls at either age. Children who were provided snacks when they wanted showed larger increases in BMI over time compared with those who snacked at scheduled times. Boys who were provided snacks when they wanted showed the higher proportion of high BMI at follow-up.
Baseline measurements. The questionnaire administered to parents regarding their 6-year-old children covered several physical and lifestyle factors. Snacking behavior for children was discerned from the original (baseline) questionnaire at age 6 years, which classified children as: (1) being provided snacks at scheduled times, (2) being provided snacks under parents' control when children wanted, and (3) snacking freely (not under parents' control). Other items included: child's height and weight; time for play outside on week days (less than 1 hour, approximately 1 hour, approximately 2 hours, approximately 3 hours, or ≥4 hours); habit of speed-eating (yes, somewhat, rarely, or never); frequency of breakfast (every day, five to six times a week, three to four times a week, one to two times a week, or never); between-meal eating behavior 30 minutes before dinner (feeding light foods or keeping the child waiting); frequency of between-meal eating before bedtime (every day, three to five times a week, one to two times a week, two to three times a month, once a month, or never); paternal and maternal height and weight; paternal job (full-time job, part-time job, independent business, agriculture, forestry and fisheries, unemployed, night shift, or others); and maternal job (full-time job, part-time job, independent business, agriculture, forestry and fisheries, full-time housewife, unemployed, or others).
We defined "less than 2 hours of playing outside" as physical inactivity. Speed-eating was defined by responses of "yes" or "somewhat," and skipping breakfast by responses of "five to six times a week," "three to four times a week," "one to two times a week," "or never" as skipping breakfast. "Feeding light foods" was considered between-meal eating before dinner, and "everyday" or "three to five times a week" was considered between-meal eating before bedtime. Both paternal and maternal employment were defined by "full-time job. " The child's BMI was calculated as their weight (kg) divided by the square of their height in meters (m 2 ) based on questionnaire data. High BMI was defined as a BMI ≥16.9 kg/m 2 for boys and ≥17.1 kg/m 2 for girls at age 6 years (≥1 standard deviation of the World Health Organization sex-and age-specific BMI distributions for children) 15 .
Follow-up measurements. Similar questionnaires were distributed when children were aged 12 and 22 years. Data for height and weight were missing for 636 children at age 12 years (29.6% of the 6-year-old sample) and 1090 (50.9%) at age 22 years. At age 12 years, high BMI was defined as a (questionnaire-based) BMI of ≥20.4 kg/m 2 for boys and ≥21.3 kg/m 2 for girls 15 . At age 22 years, high BMI was ≥25.0 kg/m 2 for boys and girls (corresponding to the adult criteria).
Statistical analyses. Differences in mean values or frequencies of baseline characteristics according to
snacking habits for children (provided snacks when they wanted or snacking freely vs. provided snacks at scheduled times) were tested by analysis of variance. Chi-square tests were used to evaluate differences in proportions between responders and non-responders at ages 12 and 22 years.
An analysis of repeated measures for BMI was performed using time-dependent mixed-effects models to examine the impact of snacking behaviors on BMI over time. This accounted for the correlation between repeated measurements taken from the same individual 16 . In the present study, we used the following model. where yij represents the individual's BMI i taken at time j; β0 represents the intercept, and βT the slope of the linear relationship between the BMI and time; βP represents the effect of snacking behavior on BMI (considered as constant across time); snacking2 represents the snacking behavior of being provided snacks when children wanted; snacking3 represents the snacking behavior of snacking freely; and βPT represents the effect of snacking behavior on the slope, describing the linear relationship between BMI and time. Coefficients for this model were estimated by the maximization of likelihood using the SAS procedure MIXED, and specifying a compound symmetry structure for the covariance matrix. To examine whether snacking behavior and associations with BMI were affected by potential confounders that were related to snacking habits and each outcome and parental characteristics, we adjusted for physical inactivity (yes or no), speed-eating (yes or no), skipping breakfast (yes or no), between-meal eating before dinner (yes or no), between-meal eating before bedtime (yes or no), paternal employment (yes or no), maternal employment (yes or no), paternal BMI (<18.5 kg/m 2 , 18.5-24.9 kg/m 2 , or ≥25 kg/m 2 ), and maternal BMI (<18.5 kg/m 2 , 18.5-24.9 kg/m 2 , or ≥25 kg/m 2 ). We used logistic regression models to calculate sex-specific odds ratios (ORs) and 95% confidence intervals (CIs) for high BMI at ages 12 and 22 years according to children's snacking habits. These models were adjusted for children's baseline BMI category (quintiles) for ages 12 and 22 years, and BMI difference categories (quintiles) between ages 6 and 12 years for age 22 years. The other potential confounding factors were also included in multivariate logistic regression models.
All statistical analyses were performed with SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA). All probability values for statistical tests were two-tailed, and p-values < 0.05 were regarded as statistically significant.
Results
At age 6 years, 51.1% (51.1% of boys, 51.1% of girls) of children were provided snacks at scheduled times, 41.6% (43.1% of boys, 39.8% of girls) were provided snacks when they wanted, and 7.3% (5.8% of boys, 9.1% of girls) snacked freely. The mean baseline BMI and proportions of high BMI (boys only), inactivity (boys only), skipping breakfast, between-meal eating before dinner, and between-meal eating before bedtime (boys only) were higher in children who were provided snacks when they wanted compared with those who were provided snacks at scheduled times ( Table 1 ). The proportions of speed-eating (boys only), skipping breakfast, between-meal eating before dinner, and between-meal eating before bedtime were higher in children who snacked freely compared with those who were provided snacks at scheduled times. Paternal employment was significantly lower and maternal employment was higher among children who snacked freely compared with those who snacked at scheduled times. The mean paternal BMI value was significantly higher among girls who were provided snacks when they wanted and snacked freely compared with those who were provided snacks at scheduled times. However, maternal BMI did not differ by snacking habits.
There were no sex-specific differences in mean BMI values and proportions of high BMI at age 6 years between the responders and non-responders at ages 12 and 22 years, except for a difference in the proportion of high BMI among boys between the responders and non-responders at age 22 years (responders 18.4% vs. non-responders 24.3%, p = 0.044) ( Supplementary Table) . Table 2 shows sex-specific changes in BMI over time according to snacking behavior at age 6 years. Children who were provided snacks when they wanted experienced a larger increase in BMI over time between ages 6 and 22 years compared with children who snacked at scheduled times. The multivariable time-dependent effect was 0.03 kg/m 2 (p = 0.047) for boys and 0.04 kg/m 2 (p = 0.019) for girls. However, there was no significant difference in BMI over time between children who snacked freely and those who were provided snacks at scheduled times. The multivariable time-dependent effect was 0.02 kg/m 2 (p = 0.480) for boys and 0.04 kg/m 2 (p = 0.180) for girls.
The multivariable ORs (95% CI) for high BMI at age 12 years among children who were provided snacks when they wanted compared with those who were provided snacks at scheduled times were 1.52 (1.04-2.23) for boys and 1.15 (0.69-1.92) for girls ( Table 3 ). The corresponding multivariable ORs (95% CI) for high BMI at age 12 years for children who snacked freely were 0.81 (0.36-1.82) and 1.01 (0.41-2.51), respectively. The multivariable ORs (95% CI) for high BMI at age 22 years among children who were provided snacks when they wanted compared with those who were provided snacks at scheduled times were 2.23 (1.12-4.45) for boys and 0.97 (0.38-2.51) for girls. The corresponding multivariable ORs (95% CI) for high BMI at age 22 years for children who snacked freely were 3.29 (1.09-9.92) and 1.74 (0.37-8.27), respectively. Table 1 . Sex-specific means ± standard deviations and proportions for baseline characteristics at age 6 years among 1072 boys and 944 girls (IBACHIL, 1995). BMI, body mass index. *p < 0.05, **p < 0.01, ***p < 0.001, compared with children who were provided snacks at scheduled times at age 6 years.
Snacking behavior for 6-year-old children

Discussion
In this prospective study, boys and girls who were provided snacks when they wanted in early childhood experienced a slightly larger increase in BMI over time compared with those who were provided snacks at scheduled times. Further, we found that boys who were provided snacks when they wanted in early childhood later showed a higher proportion of high BMI in adolescence and adulthood. Boys who snacked freely in early childhood later only showed a higher proportion of high BMI in adulthood.
In a case-control study involving 100 Brazilian children aged 6-8 years, the frequent intake of snacks (high-energy foods such as fried salty foods and soft drinks) was associated with a higher proportion of obesity (OR = 10.4; 95% CI: 1.3-83.9) 7 . In a cross-sectional study of 10,684 US children and adolescents aged 6-19 years, snack intake based on percentage contribution to total energy intake was also associated with a higher proportion of obesity (OR = 1.19; 95% CI: 1.06-1.34 in children; OR = 1.16; 95% CI: 1.04-1.29 in adolescents) 8 . Furthermore, two Japanese cohort studies showed associations between snacking habits in childhood and obesity in adolescence. In a study of 737 children, the multivariable OR (95% CI) for obesity (Kaup index ≥18) in children aged 9-13 years who consumed snacks without time constraints at age 3 years was 2.12 (1.25-3.61) compared with those who were provided snacks at scheduled times 10 . In another study involving 6762 children, the multivariable OR (95% CI) for obesity at age 9-10 years for those who ate snacks irregularly at age 3 years was 1.75 (1.29-2.37) compared with those who ate snacks regularly 11 . These results were consistent with our findings in adolescents.
The reason for a lack of association between snacking freely at age 6 years and high BMI at age 12 years is uncertain. A habit of eating freely at ages 6 and 12 years was reported by parents, while that at age 22 years was reported by the child. Parental recognition of a habit of snacking freely may not reflect the actual snacking situation, as parents may not know if a child has snacked or not. Young children generally do not have much access to eat snacks freely outside the home.
Changes in BMI over multiple measurements across time and the proportion of high BMI in adolescence/ adulthood were larger among boys who were provided snacks when they wanted than among those were provided snacks at scheduled times. For girls, we found a similar result for changes in BMI, but not for high BMI. In part, this may be explained by the smaller number of girls with high BMI.
A strength of this study was that the long-term prospective design enabled observation of prolonged lifestyle habits from ages 6 to 22 years. To our knowledge, this is the first longitudinal study to examine the associations between parents' snack feeding style in childhood with changes in BMI over time and high BMI in adolescence and adulthood.
The present study had several limitations. First, information such as children's height, weight, and snacking behavior were derived from self-administered questionnaires completed by their parents. In a previous study of adolescents aged 8-12 years, parent-reported weight was understated by 0.671 kg for boys and 1.274 kg for girls, and parent-reported height was understated by 0.504 cm for boys and 1.262 cm for girls; BMI based on parent-reported data was therefore understated by 0.200 kg/m 2 for boys and 0.251 kg/m 2 for girls 17 . In another study involving adults, self-reported weight was understated by 1.6% for men and 3.1% for women, whereas height was overstated by 1.3% for men and 0.6% for women 18 . Therefore, misclassification of self-reported BMI data in our study may be small. Second, the follow-up rate from the baseline survey (at age 6 years) was not high (68.5% at 12 years and 45.9% at 22 years). This may be attributable to participants moving to other prefectures to seek higher education or an occupation. However, mean BMI and the proportion of high BMI at baseline did not differ substantially between the responders and non-responders at ages 12 and 22 years, except for the proportion of high BMI for boys between the responders and non-responders at age 22 years. Because of the potential underrepresentation of high BMI status, the real association between feeding snacks and the proportion of high BMI for boys at age 22 years may be stronger. Third, we did not have detailed dietary information (e.g., energy www.nature.com/scientificreports www.nature.com/scientificreports/ from snacks), which might have confounded the associations we observed. Finally, we did not collect detailed information on socioeconomic status. However, we had information on parental occupation, and the associations between being provided snacks when children wanted with increasing BMI and the proportion of high BMI remained significant after adjustment for parental employment.
In conclusion, both boys and girls who were provided snacks when they wanted showed a slight but larger increase in BMI over time compared with those who were provided snacks at scheduled times. Further, boys who snacked in such manner in early childhood later showed a higher proportion of high BMI in adulthood. Table 3 . Sex-specific and multivariable adjusted odds ratios for high BMI at ages 12 and 22 years according to children's snacking behavior at age 6 years. BMI, body mass index; CI, confidence interval; OR, odds ratio. a Adjusted for baseline children's BMI category for ages 12 and 22 years; and the category of BMI difference between ages 6 and 12 years for age 22 years. b Multivariable models adjusted for baseline BMI, playing outside, speed-eating, skipping breakfast, between-meal eating before dinner, and between-meal eating before bedtime at age 6 years. c Further adjusted for paternal employment, maternal employment, paternal BMI, and maternal BMI at age 6 years.
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